INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is the most common motor neuron disease characterised by degeneration of upper as well as lower motor neurons. Postmortem anatomopathology has also revealed degeneration of sensory fibres but to a lesser extent than motor axons, and it has been suggested that the sensory system might be similarly affected as the motor system, but the degeneration is less advanced at the time of death. [1] [2] [3] Peripheral and central degeneration of sensory pathways have also been reported in presymptomatic ALS mice, suggesting that the sensory defect occurs at a very early stage of the degenerative process. [4] [5] [6] Accordingly, sensory nerve biopsy 7 and multiparametric spinal imaging of the dorsal column 8 have revealed subclinical anatomical damage in patients, including those at an early disease stage after diagnosis. From a pathophysiological perspective, the role of sensory Strengths and limitations of this study ▪ For the first time, spinal diffusion tensor imaging (DTI) and electrophysiological recordings were coupled to evaluate the anatomofunctional properties of sensory pathways in humans. This combined approach and the normalisation of somatosensory evoked potentials revealed subclinical sensory defects in 85% patients with amyotrophic lateral sclerosis (ALS). ▪ The anatomical damages of dorsal columns revealed by spinal DTI were correlated to the depression of the peripheral afferent volley revealed by the lower amplitude of N9 which further supports the fact that sensory defects can occur at an early stage of ALS. ▪ Subclinical sensory impairments can manifest in ALS and should no longer cause doubt on the diagnosis. The defect was correlated to the disease duration but a follow-up study would confirm the progressive sensory affection.
involvement in the degenerative process in ALS is still unknown. From a clinical perspective, while discreet sensory clinical impairment does not exclude ALS diagnosis, it is declared atypical or even excluded when sensory abnormalities are major. 9 10 Because of these uncertainties, better characterisation of the sensory involvement in well-characterised populations of ALS is needed.
Sensory nerve action potentials (SNAPs) and somatosensory evoked potentials (SEPs), routinely used to assess sensory pathways, have been investigated extensively in patients with ALS. Except in three studies, [11] [12] [13] abnormal SEPs were reported, on average, in about 1/3 patients without clinical sensory deficits. 7 14-22 The abnormality increases with disease severity, 20 23-28 and is more common when stimulating lower limb peripheral nerves than those of upper limbs. 16 17 25 29 However, the anatomical substrate of altered SEPs demonstrated in previous studies remains disputed. Indeed, altered cortical SEPs were not always associated with abnormal SNAPs and/or cervicobrachial SEPs (N9). Moreover, altered SNAPs were most often observed in patients exhibiting sensory signs or symptoms, or were sometimes related to associated medical conditions ( polyneuropathy, median or ulnar nerve entrapment neuropathies). 12 20 25 27-30 In line with this, the various components of cortical SEPs are not altered unequally, whether in amplitude and/or latency, and given the multiple origins of the SEP components, 31 some authors have suggested that abnormal SEPs in ALS are not due to sensory defects but to abnormal corticocortical interactions. 24 32 Until now, it has therefore been difficult to establish a link between anatomical and functional alterations of sensory pathways in ALS, given that the latter are based on SEPs, that depends on peripheral afferent inputs and cortico-subcortical excitability. 31 Moreover, the origin of the neural sources, discrimination of which is based on the latency of SEP components, becomes uncertain when SEPs are delayed. Thus, the aim of the present work was to test, in typical patients with ALS with distal motor dysfunctions in upper limbs and no sensory symptoms, whether abnormal metrics of dorsal column imaging are associated with altered SEPs, with a focus on N9 and N20 components, which depend mainly on the peripheral afferent volley. 31 In addition, to control for experimentdependent variability of electrophysiological measurements, a limitation for the interpretation of previous studies, we propose to normalise SEP amplitude to improve evaluation of interindividual differences, as performed when studying muscular recordings. 33 
METHODS

Participants
Spinal diffusion tensor imaging
Image acquisitions were performed using a 3 T MRI system (TIM Trio, Siemens Healthcare, Erlangen, Germany) and neck/spine coil. Cardiac-gated diffusion tensor imaging (DTI) was performed using a single shot echo-planar imaging (EPI) sequence with monopolar scheme. The axial slice was positioned perpendicular to the spinal cord, in the middle of each vertebral level between C2-T2 vertebral levels (8 slices) but the acquisition was optimised for C5-T1 ( figure 1A ). Imaging parameters were: field of view =128 mm, TR/TE=700/96 ms, voxel size =1×1×5 mm 3 , parallel acquisition: R=2, b-value 1000 s/mm 2 , 64 directions, 2 repetitions, acquisition time 10 min. For a comprehensive description of the MRI acquisition parameters, the readers are invited to refer to a previous paper. 34 
Electrophysiology
Electrophysiological investigations were performed the same day as the MRI in each participant. Median and ulnar nerves were stimulated (1 ms rectangular electrical stimulation; DS7A, Digitimer Ltd, Hertfordshire, UK) at the wrist level using bipolar surface electrodes (0.5 cm 2 , 1 cm apart). All controls were stimulated on the dominant side, according to The Edinburgh handedness inventory; 35 right side in 20 participants and left side in 1. Patients with ALS were stimulated on the most affected side (distal hand weakness) or on the dominant side when both sides were equally affected: 17 patients were stimulated on the dominant right side, 1 patient on the dominant left side and 3 patients on the left nondominant but more affected side. Perceptual and motor thresholds (PT and MT, respectively; figure 2) were estimated in both nerves. Stimulus intensity was then adjusted at 9×PT in each subject. A recording surface electrode was stuck in the supraclavicular fossa (Erb's point) ipsilateral to the stimulations with a reference electrode on the contralateral supraclavicular fossa. A needle electrode was inserted in the scalp, 4 cm lateral and 2 cm posterior from Cz, in front of the primary somatosensory cortex (S1) contralateral to the stimulations with a surface electrode for a reference on the ipsilateral ear lobe. Electrophysiological signals were filtered (bandwidth 30-3000 Hz) and amplified (×10 000; D360 8-Channel Patient Amplifier, Digitimer Ltd, Hertfordshire, UK) before being digitally stored (2 kHz sampling rate) on a personal computer for offline analysis (Power 1401 and Signal Software, CED, Cambridge, UK). Each recording session consisted of 200 ulnar nerve and 200 median nerve stimuli alternated randomly (2 Hz). Three recording sessions were performed for each participant.
Data analysis DTI
Motion correction was applied slice-by-slice using FSL FLIRT with three degrees of freedom (Tx, Ty, Rz). Diffusion tensor and its related metrics, fractional anisotropy (FA), axial (λ ⁄⁄ ) and radial (λ ⊥ ) and mean diffusivity (MD), were estimated on a voxel-wise basis. The region of interest (ROI), limited to the hemidorsal region ipsilateral to the electrical stimulations, was manually defined on each slice using geometry-based information. To avoid any user bias, the ROI was defined on the mean diffusion weighted images by an experienced segmentation operator (MMEM; figure 1A) . 8 34 Furthermore, during ROIs classification, the operator opted for a conservative approach by excluding pixels that were at the cord/corticospinal fluid or white matter/grey matter interfaces.
Electrophysiology
Peak latencies of N9 (Erb's point) and N20 ( parietal) were evaluated in each subject. The peripheral conduction velocity (CVp) was calculated according to the distance between stimulating electrodes and C7 vertebra and N9 latency. The central conduction velocity (CVc) was calculated according to the distance between C7 and parietal cortex and the difference between N9 and N20 latencies. Peak-to-peak amplitude of N9 (figure 3A, B) and amplitude of the first positivity of N20 (figure 3C, D) were measured and normalised to the prestimulus activity (calculated over a 100 ms period, excluding the stimulus artefact). Given the variability of prestimulus activity, the SD of prestimulus activity was calculated and multiplied by 2 (2×SD) to define the positive and negative limits of background activity (dotted lines in figure 3A , D). This procedure is commonly used to determine when the activity significantly changes from background activity after stimuli. Because these limits give a good estimation of prestimulus activity amplitude, we used the procedure to normalise the amplitude of SEPs. 
Statistics
First, each DTI and electrophysiological metric was independently compared between groups using unpaired t tests. Then, the metrics found to be significantly modified in patients were retained for further analyses to test the relationships between these metrics and clinical features for the group of participants. Thus, multiple regression analyses were performed to test the link between λ ⊥ , MD, N9, N20 and CVc according to the subject groups. In addition, Pearson correlation analyses were performed to investigate the relationships between clinical features and λ ⊥ , MD, N9 and N20. The 95% CI of control data was calculated for DTI and electrophysiological metrics. These intervals were used to fix the limits of normal values in order to identify the patients exhibiting abnormal data with a risk of error less than 5%. Statistical analysis was conducted using StatEL software (http://www. adscience.eu) and the significance level was set at p value <0.05. Arithmetical means are indicated ±1SEM.
RESULTS
Spinal DTI metrics
The box plot charts in figure 1B , C show the distribution of λ ⊥ and MD, respectively, in the hemidorsal region of the spinal cord, corresponding to the posterior columnmedial lemniscus pathway ipsilateral to electrical stimuli delivered when investigating SEPs (see below), in 20 controls and 19 patients (due to artefacts, 1 control and 2 patients were excluded). On average, both metrics were significantly higher in patients than in controls (unpaired t test, p<0.05). Abnormal values of λ ⊥ and MD were observed in 11/19 patients (57.9%). The differences in λ ⊥ and MD were not accompanied by a significant change in FA or λ ⁄⁄ ( p=0.29 and 0.06, respectively). Similar analyses were also performed on the lateral region corresponding to the lateral corticospinal tract. On average, λ ⊥ and MD were also higher in patients than in controls ( p<0.01 and 0.05, respectively) and FA was smaller ( p<0.05); λ ⁄⁄ was not significantly different between groups ( p=0.42). Figure 2 shows the mean PT and MT for median and ulnar nerves in controls and patients. While PT for both nerves was similar between controls and patients ( p=0.93 and 0.73 for median and ulnar nerves, respectively; figure 2A ), MT was higher in patients, reaching the statistically significant level for the ulnar nerve ( p<0.05 and 0.12 for the median nerve; figure 2B ). The stimulus intensity used for evoking SEPs (9×PT) was above MT for both nerves in all controls and in 16/21 patients for the median nerve and in 18/21 patients for the ulnar nerve.
Electrophysiological measurements
Significant difference between groups was not observed in peak latency for N9 (for which one patient was excluded because of artefacts) nor for N20 (table 2; 0.25<p<0.93). N9 latency only depended on the peripheral conduction time (between stimulating electrodes and Erb's point) and was thus used to estimate the CVp. For both nerves, the CVp was found to be similar in patients and controls ( p=0.56 and 0.32, in median and ulnar nerve, respectively). The CVc (between spinal cord and parietal cortex) was estimated by subtracting N20 and N9 latencies. It was slower in patients than in controls, reaching statistical significance for the median nerve only ( p<0.05, and 0.08 for the ulnar nerve). Figure 3A , D shows the raw signals in one control (AC) and 1 patient (BD). Both N9 (AB) and N20 (CD) were smaller in the patient compared to the control. On average, the raw amplitude (in μV) of both N9 and N20 was smaller in patients than in controls, but the difference did not reach statistical significance (0.16<p<0.42; table 2). When normalised, the difference between groups became significant ( p<0.01 and 0.001 for N9 in median and ulnar nerve, respectively, and p<0.05 for N20; figure 3E, F) , which confirmed that the peripheral volley (N9) and the first component of early cortical SEP (N20) were smaller in the patient group. No significant correlation was observed between the amplitudes of N9 and N20 (Pearson, p=0.67).
Abnormal N9 was observed in 17/20 patients (85%) for the ulnar nerve and in 9/20 patients (45%) for the median nerve. Abnormal N20 was observed in 11/21 patients (52.4%) for the ulnar nerve and in 10/21 patients (47.6%) for the median nerve. On average, the SEP normalisation helped to identify 57.5% of patients with abnormal values while 41.3% exhibited abnormal raw data (in μV).
Relationships between DTI and electrophysiological metrics
The scatter plots in figure 4 show the dispersion of N9 and N20 amplitudes according to MD (dorsal column ipsilateral to stimulation site) for controls and patients, for median as well as ulnar nerves (Dixon test did not detect any aberrant values). Multiple regression analyses further confirmed the significant difference between groups, in N9 and N20 amplitudes. In addition, significant relationships were found between DTI metrics and N9 (except for λ ⊥ and N9 from ulnar) but not with N20 (see statistics in table 3). Similarly, significant relationships were observed between the CVc and λ ⊥ ( p<0.05) and MD ( p<0.01) for the median nerve. Figure 5 shows that a larger proportion of patients exhibited abnormal DTI metrics and/or evoked potentials (84.7±3.8% on average; red portion) compared to patients having normal metrics (white portion). Among the patients exhibiting at least one abnormal metric, 44.4±7.1% have both abnormal DTI and evoked potentials ( purple subportions). Similar proportions were found when comparing the DTI metrics and the CVc.
Correlation with clinical features
Multiple regression analyses were performed to investigate the relationships between DTI and electrophysiological metrics and clinical features. λ ⊥ , MD, N9 and N20 were not correlated with any clinical features related to hand motor performance (ALSFRS-R subscore for handwriting, hand muscle testing, nine hole peg test; 0.27<p<0.79).
Pearson correlation analyses revealed a significant depression of N20 according to the disease duration (R 
DISCUSSION
The main result of the present study is that by coupling spinal DTI and electrophysiology, almost 85% patients with ALS with subclinical sensory defect in an upper limb could be identified. Considered separately, each technique revealed abnormal values in less than 60% patients. The second novelty of this study is that normalisation helped to identify more patients with abnormal SEP from a 40% detection rate when expressed in μV, to 60% when taking into account the level of prestimulus activity. This study has also shown a significant relationship between DTI metrics and N9, and a significant depression of evoked potentials with disease duration.
Reliability of spinal DTI
Spinal DTI metrics were found to be significantly altered in patients, which gives further support for early anatomical damage of the dorsal columns in ALS. Compared to our previous study, 8 the patients in the present study exhibited less motor weakness especially in proximal upper limb muscles. Accordingly, λ ⊥ for the lateral corticospinal tracts was lower in the present study compared to the previous one, which supports a less severe impairment of the motor pathways in the patients investigated here. Moreover, while the relationship between motor and sensory deficits has not been characterised so far, some studies have reported increased SEP alteration with the disease severity. 20 23-28 Given that the degeneration is likely to be slower in sensory pathways than in motor pathways, 2 one would expect a smaller λ ⊥ for the dorsal columns in the present study, compared to the previous one, 8 which was the case. Thus, the comparison between the two studies indicates that spinal DTI is a reliable and very sensitive method for detecting anatomical tract defects at spinal level. 
Normalisation of electrophysiological measurements
The amplitude of SNAPs and SEPs produced by mixed nerve stimulation are usually compared using the raw signals expressed in μV. However, it is well known in electrophysiology that intrinsic (background activity, individual bioelectrical characteristics) and extrinsic factors (single-use electrodes, whose properties and position can slightly differ across experiments) can influence the signals, which accounts for the huge interindividual and intraindividual variability of EEG recordings. 36 Some studies on visual evoked potentials in humans have revealed the influence of the level of prestimulus EEG activity on the size of the evoked potentials and reported better reliability with normalised data. 37 38 Here, SEPs were normalised to 2×SD of prestimulus activity, which is commonly used to evaluate the level of activity before conditioning, and to determine when the poststimulus signal deviates significantly from background activity. Normalisation of evoked potentials to this value allowed the basal activity to be taken into account and reduced the variability due to noise. Comparison of normalised data strengthened the differences between groups, helped to identify more patients with abnormal values and indicated a greater mean suppression from 20% (in raw data) to 50% (when normalised) for N9 and <5% to 20% for N20 (according to the mean values in controls). The comparison of raw and normalised data suggests that abnormal SNAPs and SEPs in ALS might have been previously underestimated.
Alteration of peripheral volleys
Histological evidence for sensory nerve degeneration has only been found in lower limbs with sural nerve biopsies. 3 In upper limbs, abnormal SNAPs were found mainly in patients with clinical sensory signs. 7 12 20 25 27 29 30 To some extent, we found analogous results because the characteristics of N9 (Erb's Latency: mean peak latency (ms±1 SEM) of N9 recorded at the Erb point, and of N20 recorded at the level of primary somatosensory cortex (S1) for median and ulnar nerves, in controls and patients with amyotrophic lateral sclerosis. CVp: peripheral conduction velocity (m/s±1 SEM) according to N9 peak latency and the distance between stimulation site and C7 vertebra. CVc: central conduction velocity (m/s±1 SEM) according to the difference between N20 and N9 peak latencies and the distance between C7 vertebra and recording site, in front of S1. Amplitude: peak-to-peak amplitude of N9 and peak amplitude of N20 (μV). *p<0.05. point) were as in controls: similar peak latency and similar CVp with no significant change in the mean raw amplitude (in μV). However, abnormal raw values were observed in 20-50% of patients and the normalisation strengthened the difference between groups, which further supports subclinical peripheral abnormalities. 27 Our group of patients was very homogenous in regard to hand muscle weakness in the median and ulnar nerve territories, which might account for the higher proportion of patients exhibiting abnormal N9 compared to previous studies. [21] [22] [23] Alternatively, a reduced antidromic volley in motor axons may account for N9 depression. However, a study performed in patients with pronounced or complete loss of motor axons in the median nerve failed to reveal any change in N9. 39 According to hand motor weakness, we found a higher MT in patients and, in some, the conditioning stimuli used to evoke SEPs were below MT. However, these patients did not exhibit the smallest N9 and there was no link between abnormal N9 values and MT. Lastly, the relationship between spinal DTI and N9 further supports the fact that the latter depends mainly on the peripheral sensory afferent volley 31 and its alteration in ALS.
Origin of the impairments along the sensory pathways
The present changes in spinal DTI metrics give further evidence for anatomical impairments of sensory pathways in ALS. The alteration of N9 amplitude, without changes in peripheral conduction velocity, suggests loss of peripheral sensory axons. Regression: R 2 and p value of multiple regression for N9 and N20 produced by median or ulnar nerve stimuli. Group: effect of the group of participants (amyotrophic lateral sclerosis vs controls), coefficient and p value. λ ⊥ : Effect of the radial diffusivity, coefficient and p value. MD: effect of the mean diffusivity, coefficient and p value. Residuals: coefficient and p value of the constant. *p<0.05, **p<0.01 and ***p<0.001. Figure 5 Patient data distribution. Proportion of patients exhibiting normal (white portion) and abnormal diffusion tensor imaging (DTI) metrics and/or abnormal amplitude of N9 (A and B) or N20 (C and D; red portion) for the median (A and B) and ulnar nerve (C and D). Among the patients with abnormal metrics (red portion), the proportion of patients with abnormal DTI metrics only (and thus normal evoked potentials) is illustrated by the blue subportion, the proportion of patients with abnormal evoked potential only (and thus normal DTI) is illustrated by the green subportion, and the proportion of patients with abnormal DTI metrics and abnormal evoked potentials is illustrated by the purple subportion.
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The first cortical component N20 was delayed and depressed to a lesser extent than N9. The absence of correlation between the alterations of N9 and N20 can be explained by the fact that at a stimulus intensity producing maximal N20, N9 reached half its maximal size, and this intensity can be at or slightly above MT. 40 Therefore, at the stimulus intensity we used (9×PT, which was above MT in most participants), N20 was likely to be maximal and, because of saturation, the measurements might have been less sensitive at a cortical level than at a peripheral level. However, N20 not only depends on the sensory afferent inputs, but also to central processing. 40 Accordingly, a recent cerebral MRI study has shown atrophy in the thalamus, 41 suggesting that the thalamocortical relay for sensory information may be altered in ALS. In line with this, we found a slower CVc in patients than in controls, without any change in CVp. Therefore, abnormal N9 and N20, together with impaired spinal DTI reported here, give strong evidence for subclinical sensory defects in ALS at peripheral as well as central levels.
Comparing median nerve and skin stimuli suggests that N20 mainly depends on cutaneous inputs to the 3b area. 31 42-44 Thus, altered N20 from median nerve stimulation could suggest impaired cutaneous fibres. However, if low-threshold cutaneous afferents were affected, this would have influenced PT, which was found unchanged. Alternatively, changes could be due to proprioceptive afferents. Cutaneous fields innervated by median nerve are larger than those innervated by ulnar nerve but 75% intrinsic hand muscles are innervated by ulnar nerve. Additionally, SEPs from mixed nerves in lower limbs, probably more motor than the median nerve (such as ulnar nerve), are mainly produced by proprioceptive afferents. 45 Therefore, impaired proprioceptive inputs would affect SEPs produced by ulnar nerve more than those produced by median nerve, which was the case.
The absence of clinical sensory signs, of correlation between sensory defect and motor symptoms and the fact that DTI metrics for the lateral corticospinal tract were more affected than those for the dorsal columns suggest that the impairment of sensory pathways was less than that of motor systems. However, the correlation with disease duration suggests that the degeneration of sensory pathways is progressive.
CONCLUSIONS
The combination of normalised electrophysiological measurements and spinal DTI metrics suggest that sensory deficits in ALS have been previously underestimated and gives further evidence for early degeneration in sensory pathways at peripheral as well as central levels. These results show, for the first time, the benefit of combining electrophysiology and biomedical imaging to assess non-motor system involvement in ALS. 
